Isonuclear triazine-susceptible and triazine-resistant Senecio vulgaris L. biotypes were developed by making reciprocal crosses between susceptible and resistant biotypes to obtain F1 hybrids and backcrossing the hybrids to the appropriate pollen parent. The electrophoretic isozyme patterns of the enzyme aconitase obtained from leaf extracts of triazine-susceptible parental (S) and backcrossed (SXRBC6) biotypes, and triazine-resistant parental (R) and backcrossed (RXSBC6) biotypes verified that the biotypes had the expected nuclear genomes. Atrazine inhibition of chloroplast whole chain electron transport from water to methyl viologen was measured to verify susceptibility or resistance to triazine herbicides. The photosynthetic rate and biomass accumulation of greenhouse grown susceptible and resistant S. vulgaris biotypes were measured 28, 35, 42, 50, 57, and (17) . PSII efficiency in the use of separated charge for oxygen evolution and electron transport is lower in resistant biotypes (12, 17) which explains the lower quantum yields characteristic of triazine resistant biotypes (5, 13, 15, 17, 19) .
micromolar atrazine. The S biotype was larger and more productive than the R biotype at all harvests. At the harvest 57 days after planting, mean shoot dry weight was 33.2 and 8.7 grams for the S and R biotypes, respectively. The growth effect associated with chloroplast differences was shown in comparisons of the S biotype with the RXSBC6 biotype and of the SxRBc6 biotype with the R biotype. The RxSec6 biotype had 72% of the shoot dry weight of the S biotype while the R biotype had 55% of the shoot dry weight of the SxRSC6 biotype. The RxSBC6 and R biotypes produced about 73 and 62% of the leaf area of the S and SxRBc6 biotypes, respectively. Relative growth rate was similar in biotypes with the same nuclear genome; however, instantaneous unit leaf rate was higher in the S compared to the RxSBC6 biotype and in the SxRBC6 compared to the R biotype. At 57 days after planting, the cumulative leaf area duration (i.e. photosynthetic opportunity) of the RXSBC6 and R biotypes was 86 and 66% of that of the S and SxRBC6 biotypes, respectively. Our data indicate that impaired chloroplast function in triazine resistant S. vulgaris biotypes limits growth and productivity at the whole plant level.
The discovery of triazine resistance in Senecio vulgaris L. (23) and subsequently in other species (18) much lower affinity for triazine herbicides than the normal protein, resulting in triazine resistance (20) . The altered QB protein in resistant biotypes reduces the rate of electron transfer between PSII quinone acceptors QA and QB, and thus, reduces the maximum rate of photosynthesis (4, 17) . Lower photosynthetic rates have been measured in the resistant biotypes of nonisonuclear resistant and susceptible biotype pairs of S. vulgaris ( 15, 27) , Amaranthus retroflexus (30) , and Brassica spp. (9) , as well as in the resistant biotype of a nearly isonuclear Brassica napus resistant and susceptible biotype pair (17) . PSII efficiency in the use of separated charge for oxygen evolution and electron transport is lower in resistant biotypes (12, 17) which explains the lower quantum yields characteristic of triazine resistant biotypes (5, 13, 15, 17, 19) .
As expected from the reduced photosynthetic potential of triazine resistant biotypes, several studies have shown that in the absence of triazine herbicides, resistant biotypes produce less biomass than susceptible biotypes. In Amaranthus spp., B. napus, Chenopodium album, and Senecio vulgaris, resistant biotypes accumulated less biomass and produced less seed than susceptible biotypes in competitive and noncompetitive conditons (7, 8, 11, 29) . In contrast, Warwick and Black (29) reported that resistant and susceptible biotypes of C. strictum produced similar amounts of biomass in competitive and noncompetitive conditions. Similarly, Schonfeld et al. (24) found that a triazine-resistant biotype of Phalaris paradoxa was similar or superior to a susceptible biotype in photosynthetic rate and growth in noncompetitive conditions, even though the resistant biotype had a lower quantum yield than the susceptible biotype. Jansen et al. (16) reported that a resistant C. albuim biotype produced more biomass in noncompetitive and competitive conditions and had similar rates of whole chain electron transport and CO2 assimilation compared to the susceptible biotype even though electron flow to the plastoquinone pool from PSII was reduced in the resistant biotype. Net photosynthesis was also reported to be similar in resistant and susceptible biotypes of Poa annua, Solanum nigrutm, Stellaria media, and C. album (30) . In these studies that found similar photosynthetic rates, growth, and competitive potential in resistant and susceptible biotypes, it is important to note that the biotypes used were field collected and probably had dissimilar nuclear genomes.
A better understanding of the effect of altered chloroplast function on whole plant performance of triazine-resistant biotypes requires the use of susceptible and resistant biotypes that have similar nuclear genomes. Crossing to obtain F, reciprocal hybrids and repeated backcrossing ofthe F, hybrids to the parental types has been done in a few studies. Triazineresistant F, hybrids of resistant B. campestris and susceptible canola (B. napius) produced about 23% less seed than susceptible F, hybrids (3). Triazine-resistant S. vulgaris F, hybrids had a lower photosynthetic rate and produced less biomass than susceptible F, hybrids (27) . However, the reduced vigor of resistant F, hybrids could not be attributed solely to the altered QB protein because there were differences in biomass production between maternal parents and F, hybrids that contained identical chloroplast genomes (27) . Comparison of a backcrossed triazine-resistant canola with its susceptible recurrent or paternal parent showed that triazine resistance reduced yield 21% (3). In a competition study that used nearly nuclear-isogenic resistant (eighth backcross) and susceptible biotypes of B. napus, the resistant biotype produced less than one-third the dry matter and seed number of the susceptible biotype (8) . These studies, in conjunction with the variable results obtained with field collected resistant and susceptible biotypes, suggest that both the chloroplast and nuclear genome affect growth and must be considered when determining if reduced productivity is caused by the altered chloroplast function of triazine-resistant biotypes.
The objective of this research was to determine if the alteration of the QB protein that confers triazine resistance causes reduced productivity. Sixth generation backcrossed resistant (RXSBC6) and susceptible (SXRBC6) biotypes were developed from F, reciprocal hybrids and pure-breeding R and S lines of S. vulgaris . Comparisons among the parental and backcrossed biotypes allowed us to measure the effect of the different chloroplast and nuclear genomes on plant growth and productivity in S. vulgaris and, therefore, determine if triazine resistance causes reduced productivity.
MATERIALS AND METHODS

Plant Material and Growth Conditions
The R and S parental biotypes and reciprocal F, hybrids of Senecio vulgaris L. used were described by Stowe and Holt (27) . The F, hybrids were backcrossed to their paternal or pollen parent to obtain a resistant backcrossed biotype, RXSBC,, that contained the resistant chloroplast genome (i.e. the altered QB protein) and the S nuclear genome, and to obtain a susceptible backcrossed biotype, SXRBCI, that contained the susceptible chloroplast genome and the R nuclear genome. The backcrossed biotypes were repeatedly crossed to the pollen parent to obtain the sixth backcrossed progeny, RXSBC6 and SXRBC6, which contain 99% of the nuclear genome of the pollen parent in a cytoplasm identical to that of the maternal parent. The S, R, RXSBC6 and SXRBC6 biotypes were selfed as necessary to maintain seed stocks. During the breeding program, atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine) resistance was monitored by spraying plants with 10 kg ai ha-' Aatrex 80W (Ciba Geigy).
Seeds of the four S. vulgaris biotypes were germinated in small pots filled with vermiculite that, in turn, was covered with soil and then sand in a bottom heated (25°C) mist chamber under natural lighting. Seedlings were transplanted at the one true leaf stage (2 weeks after planting) into 4.8 L (16 cm diameter x 17 cm) pots containing soil mix (57% sandy loam soil and 42% Canadian peat moss supplemented with dolomite limestone, oyster shell lime, and nutrients). In the YPB experiment, 1 L (10 x 10 x 9 cm in height) pots were used. Plants were grown under natural lighting in a temperature-controlled greenhouse in which the average daily temperatures ranged from 21 to 27°C with a maximum midday temperature of 34°C. Average daylength during the MPB and YPB experiments was 15.2 and 11.2 h, respectively. Ambient PPFD ranged from 0 to 1200,mol photons m-2 s-' throughout the day. Pots were watered as needed with halfstrength Hoagland solution.
Electrophoresis
The electrophoretic isozyme patterns of the cytoplasmic and mitochondrial tricarboxylic acid cycle enzyme aconitase (aconitate hydratase, EC 4.2.1.3) in a morpholine-citrate (pH 8.0) starch gel buffer system were used to differentiate between susceptible and resistant genotypes of S. vulgaris. The gels contained 14% (w/v) starch (Sigma S4501) in 1.6 mM morpholine-citrate buffer (Sigma A9028 and C7129, respectively). After cooking and degassing, the starch solution was poured into a slab-gel mold, allowed to cool for about 30 20 mM Hepes (pH 7.8), 3 mM MgCl2, 10 mM ascorbic acid, and 2 mg mL-' BSA. The leaf tissue was macerated for 5 s in a blender. The leaf homogenate was filtered through eight layers of cheesecloth and one layer of Miracloth into a chilled beaker, then transferred to four chilled 50 mL centrifuge tubes and centrifuged at 2200g for 3 min. The supernatant was discarded and the pellets were resuspended using a small paintbrush in 2 mL of resuspension buffer containing 50 mM sorbitol, 10 mM Hepes-KOH (pH 7.8), 3 mM MgCl2, 10 mM KCI, and 1 mg mL-' BSA. The suspensions were combined and transferred to two 50 mL centrifuge tubes, 25 mL of resuspension buffer was added to each tube to osmotically break the chloroplasts, and then the suspensions were centrifuged for 5 min at 3000g. The thylakoid pellets were resuspended using a small paintbrush in 2 mL of storage buffer containing 400 mM sorbitol, 10 mM Hepes-KOH (pH 7.8), 3 mM MgCl2, 10 mM KCI, and 1 mg mL-' BSA. The thylakoid suspensions were pooled, brought to a final volume of 8.5 mL with storage buffer, and divided into eight I-mL volumes for storage at -80°C. Chl content of the thylakoid suspensions was measured in 100% acetone.
Electron transport was measured as oxygen consumption in an oxygen electrode with an incident PPFD of 1530 ,umol m-2 s-I as previously described (27) . The 2 mL reaction medium volume contained 15 ,g Chl mL-', 50 mM sorbitol, 50 mM Hepes (pH 7.8), 3 mM MgCl2, 10 mM KCI, 1 mM NaN3, 0.1 mM MV, 2 ,uM gramicidin and various atrazine concentrations from 1 nM to 500 ,uM. The stock herbicide solutions were 99% technical atrazine dissolved in 95% ethanol. Maximum ethanol concentration in the reaction medium did not exceed 0.75%. Controls (100% reaction rate) for each biotype were measured using the appropriate amount of 95% ethanol without dissolved atrazine. The experiment was replicated 4 times and 150 values were determined using linear regression analysis of the appropriate portions of the inhibition curves.
Carbon Assimilation
Instantaneous measurements of photosynthetic carbon assimilation were made using attached leaves of 34, 42, 50, and 63 d old S. vulgaris plants and the apparatus previously described (27) . Three leaves on each of eight replicate plants per biotype were used for measurement. Each leaf was equilibrated in the 6.25 cm2 leaf chamber for about 90 s before a measurement was recorded. The leaf was then harvested and the leaf area that was in the chamber during measurement was determined using a LiCor LI-3000 area meter (LiCor, Inc., Lincoln, NE). The incident PPFD on the leaf chamber ranged from 840 to 990 ,tmol m-2 s-' during the measurements. Leaf chamber temperatures ranged from 24 to 30°C with 30 to 50% RH. The carbon assimilation measurements were made on plants that were harvested a day later in the MPB experiment. There were no differences in carbon assimilation between measurement dates so the data for each biotype were pooled. A one-way analysis of variance was performed and the means separated using Tukey's studentized range (honestly significant difference) test.
Biomass Measurement
Biomass accumulation of the four S. vulgaris biotypes was measured in two separate experiments using destructive harvesting. In the first experiment, referred to as the MPB experiment, plants were grown as described above and harvested 28, 35, 42, 50, 57, and 64 d after planting. Flowers were collected three times a week and pooled at each harvest. Roots, leaves, stems, and flowers were placed in separate paper bags and dried to constant weight at 60°C before weighing. Variables measured at each harvest were number of leaves, leaf area, leaf dry weight, flower dry weight, aboveground stem dry weight (shoot dry weight = leaf + flower + stem dry weights), and root dry weight. The experiment was replicated eight times except that leaf number, area, and dry weight were measured on only five replicates at the 57 d harvest and were not measured at the 64 d harvest. In the second experiment, referred to as the YPB experiment, four seeds of each biotype were planted in 260 mL pots filled with soil mix and the pots were placed in the greenhouse in the conditions described above. The first seedling to emerge in each pot was used for the experiment; the others were removed as they emerged. Plants were harvested 12, 16, 20, 24, 28, 32, and 36 d after emergence; variables measured were the same as in the MPB experiment except that the leaves were not counted. The YPB experiment was replicated five times. The experimental design used in both biomass experiments was a randomized complete block design; however, there were no differences between blocks in either experiment.
Growth Analysis
Plant growth analysis was conducted using equations described by Hunt (14) . To (14) . The 95% CL of LAR was calculated from the 95% CL of ln shoot dry weight and In leaf area using error propagation techniques. Instantaneous values of ULR ± 95% CL were calculated from ULR = RGR/LAR and the 95% CL of both RGR and LAR. LAD ± 95% CL was calculated from the area under the curve of leaf area versus time using 2 d intervals and the 95% CL of predicted leaf area values.
RESULTS AND DISCUSSION
Electrophoresis
Electrophoresis of Senecio vulgaris leaf extracts and assay for aconitase activity showed that the reciprocal F, hybrids contained nuclear genomes that were a mixture ofthe parental S and R nuclear genomes (Fig. 1) . The backcrossed biotypes, SXRBc6 and RXSBC6, had nuclear genomes similar to the pollen or recursive parent (Fig. 1 ). There were no differences in the electrophoretic distribution of aconitase isozymes in plants of the Atrazine Inhibition of Electron Transport Atrazine inhibited oxygen evolution by thylakoid preparations from triazine susceptible S. vulgaris biotypes at much lower concentrations than preparations from resistant biotypes (Fig. 2) . The resistant biotypes, R and RXSBC6, had '50 values (mean ± SE) of 65 ± 3 and 65 ± 4 ,uM whereas the susceptible biotypes, S and SXRBC6, had 150 values of 0.50 + 0.3 and 0.48 ± 0.2 MM, respectively. These Iso values are similar to those reported previously for resistant and susceptible F, S. vulgaris biotypes (see Fig. 3 in ref. 27) . Thus, the resistant biotypes of S. vulgaris are about 132 times more resistant to atrazine than the susceptible biotypes. The atrazine I5o values indicate that triazine resistance is a stable characteristic of the backcrossed S. vulgaris biotypes. Chloroplast triazine resistance was also found to be a stable characteristic of Brassica napus ssp. Rapifera [Metzg.] Minsk. backcrossed biotypes (1).
Carbon Assimilation
The RXSBC6 biotype had a CO2 assimilation rate that was 90% that of the S biotype while the R biotype had a CO2 assimilation rate that was 89% that of the SxRBC6 biotype, indicating that CO2 assimilation rates were correlated with chloroplast type (resistant or susceptible) and not with nuclear genome type (Table I) . A similar reduction in CO2 assimilation rate due to the resistant chloroplast type was found when the parental S and R biotypes were compared with RXSF, and SXRF, reciprocal hybrids, respectively, although the rate reductions were about 20% (27) . The greater rate reductions were probably due to the lower PPFD used in that study (280-550 ,umol m-2 s-' versus 840 to 990 ,umol m-2 s-' used in this study) since the difference in CO2 assimilation rates between biotypes with resistant and susceptible chloroplasts decreases as PPFD increases (13, 15, 17) . Our data and that of others (15, 27) indicate that triazine resistance in S. vulgaris is correlated with reduced CO2 assimilation rate and that both resistance and reduced photosynthetic rate are characteristics of the resistant chloroplast genome. The correlation between triazine resistance and reduced photosynthetic rate was observed in studies of reciprocal F. hybrids of S. vulgaris (27) , nearly isonuclear backcrossed biotypes of B. napus (17) , and nonisonuclear biotype pairs of Brassica spp. (9), Amaranthus hybridus (19) , and A. retroflexus (30) . In contrast, the resistant biotypes of nonisonuclear biotype pairs of Phalaris paradoxa (24) , Chenopodium album (16, 30) , Poa annua, Solanum nigrum, and Stellaria media (30) had photosynthetic rates that were similar to or greater than those of the susceptible biotypes. However, the quantum yields of the resistant biotypes of P. paradoxa (24) and C. album ( 16) were lower than those of the susceptible biotypes. Since reduced quantum yield is always associated with a reduced rate of electron transfer between QA and QB where both parameters have been measured, it appears that the resistant biotypes of P. paradoxa and C. album have typical triazine resistant chloroplasts associated with superior or more productive nuclear genomes. On the basis ofdata in this paper (see below) and the data of Stowe and Holt (27) and Jursinic (17), we argue that the similar rates of photosynthesis observed in nonisonuclear resistant and susceptible biotype pairs are due to differences in nuclear genomes that have compensated for the detrimental effects of the triazine resistance trait.
Biomass Accumulation
The S biotype of S. vulgaris was more productive than the R biotype in both biomass experiments, as shown by shoot dry weight (Figs. 3 and 4 ), in agreement with previous studies that used these biotypes (1 1, 27 ). At the 57 DAP harvest of the MPB experiment, shoot dry weights (mean ± 95% CL) of the S and RXSBC6 biotypes were 33.2 ± 2.1 and 23.9 ± 3.6 g, respectively, compared to 8.7 ± 1.4 and 15.8 ± 1.6 g for the R and SXRBC6 biotypes, respectively (Fig. 3) . The RXSBC6 biotype produced 72% ofthe biomass ofthe S biotype whereas 'the R biotype produced 55% of the biomass of the SXRBC6 biotype. These comparisons of resistant and susceptible chloroplasts in association with the same nuclear genome in mature plants showed that triazine resistance was correlated with reduced biomass accumulation as well as reduced CO2 assimilation rates. Chloroplast productivity was much more important during early seedling growth than it was during later growth. During early seedling growth (YPB experiment), biotypes with susceptible chloroplast (S and SXRBC6) accumulated more biomass than biotypes with resistant chloroplasts (R and RXSBC6)(inset, Fig. 4 (Figs. 3 and 4) . By the 57 DAP harvest of the MPB experiment, the SXRBC6 biotype had produced 47% of the biomass of the S biotype, and the R biotype had produced 36% of the biomass of the RXSBC6 (Fig. 3) . This nuclear genome effect was more pronounced in mature plants (Fig.  3 ) than in younger plants (Fig. 4) . Biotype comparisons showing the effect of nuclear and chloroplast genomes on shoot dry weight production indicate that the productivity of the resistant chloroplast was improved by being combined with the S nuclear genome or, conversely, that the productivity of susceptible chloroplasts was impaired when combined with the R nuclear genome. Thus, the data suggest that nuclearcytoplasmic interactions occurred in one or both of the backcrossed biotypes. Similar nuclear-cytoplasmic interactions affecting biomass and yield have been found in Avena and Triticium spp. (2) .
The influence of chloroplast productivity on leaf area was similar to its influence on shoot weight although the nuclear genome had a much greater effect on leaf area than did chloroplast productivity (Fig. 5) . At the 32 DAE harvest (YPB experiment; inset, Fig. 5 ), the leaf areas of the S, RXSBC6, R, and SXRBC6 biotypes were (mean ± 95% CL) 251 + 45, 150 + 24, 48 + 8, and 76 ± 20 cm2, respectively. At the 50 DAP harvest (MPB experiment, Fig. 5 ), the leaf areas of the S, RXSBC6, R, and SXRBC6 biotypes were (mean ± 95% CL) 1512 ± 126, 1315 ± 188, 394 ± 60, and 638 + 97 cm2, respectively. Averaging these two harvests, the RXSBC6 biotype produced 73% of the leaf area of the S biotype whereas the R biotype produced 62% of the leaf area of the SXRBC6 biotype. At the end of the MPB experiment, the RXSBC6 biotype had as much total leaf area as the S biotype. This probably occurred because the larger S plants were limited by pot size near the end of the experiment and thus experienced a greater degree of moisture stress than the other biotypes. As for shoot dry weight, plants containing the S nuclear genome produced much more leaf area than those with the R nuclear genome (Fig. 5) .
Leaf size was similar in biotypes with the same nuclear genome (e.g. S and RXSBC6) indicating that chloroplast productivity primarily affected total leaf area through changes in leaf number (Table II) . Holt and Goffner (10) studied the anatomical and physiological leaf characteristics of the R and S S. vulgaris biotypes and concluded that differences in leaf characteristics could not explain the reduced photosynthetic rates of the resistant biotype. These observations, plus the correlation of photosynthetic rate with chloroplast type in this study ( Table I ), indicate that reduced photosynthetic rates are due to the chloroplast alteration that confers triazine resistance and not to differences in leaf characteristics or differences in the nuclear genome. A study of the structural and physiological differences between triazine-resistant and susceptible nearly isonuclear lines of B. napus reached the same conclusion (28) .
Flower dry weight production by the four S. vulgaris biotypes was influenced by the nuclear and chloroplast genomes in the same manner as shoot dry weight (Fig. 6) . Plants had greater relative reproductive output than those with resistant chloroplasts, when associated with the same nuclear genome (Fig. 6) . As for shoot dry weight and leaf area, the S nuclear types (S and RXSBC6) were more productive than the R nuclear types (R and SxRBc6) (Fig. 6) . However, in the S.
vulgaris biotypes containing the R nuclear genome, flower dry weight was a greater proportion of shoot dry weight than it was in the biotypes containing the S nuclear genome (Fig.  6) . This difference was unrelated to chloroplast type. In other studies that used nearly isonuclear B. napus species, triazine resistance was also associated with reduced seed yield (3, 8) . The results from the MPB and YPB experiments demonstrate that the resistant chloroplast type reduces both vegetative and reproductive (seed) yield compared to plants with the susceptible chloroplast type. Consequently, any crops into which triazine resistance is transferred will probably suffer yield losses, as was found for B. napus (3) . However, the difference in performance due to the nuclear genomes from the S and R parental S. vulgaris biotypes demonstrates that productivity oftriazine-resistant plants may be improved through inclusion of desirable nuclear traits.
Growth Analysis
Data from the biomass experiments were used in a growth analysis of the four S. vulgaris biotypes in which cumulative LAD and instantaneous values of RGR, LAR, and ULR were calculated. The biotypes with the S nuclear genome had higher RGRs than those with the R nuclear genome during the first half of the MPB experiment (Table III) . The RGRs of the four biotypes were similar at the end of the MPB experiment except for the S biotype, which was limited by pot size by that time (Table III) . The results of the YPB experiment were similar (data not shown). The instantaneous RGR differences between the two nuclear genome types were similar to those previously reported for the S and R biotypes of S. vulgaris (1 1). The reduced photosynthetic rate of biotypes that con- (Table  III) . Hobbs (9) reported that while photosynthetic rates differed, the RGRs of triazine resistant and susceptible B. campestris biotypes were similar, and concluded that the reduced biomass accumulation of the triazine-resistant biotype could not be due to reduced photosynthetic rate. However, Roush and Radosevich (22) found that RGRs of several annual weeds were a poor predictor of biomass production. One biotypes may not be evident due to the confounding influences of many other factors. In addition, the contribution of chloroplast productivity is much more important during early seedling growth, as discussed above, so that RGRs calculated from older plant data or from fitted curves that include older plant harvests will tend to reflect nuclear genome differences rather than chloroplast differences.
Instantaneous ULR (a measure of the net weight gain per unit of leaf area) was higher in S. vulgaris biotypes that contained triazine susceptible chloroplasts than in the biotypes containing resistant chloroplasts, although the difference was not significant at the 95% confidence level (Table III) . This greater productivity on a leaf area basis was due to the greater CO, assimilation rates of leaves containing susceptible chloroplasts (Table I) . Instantaneous ULR was not a good predictor of biomass production in either the MPB or the YPB experiment. For example, the SXRBC6 and S biotypes had similar ULRs but produced different amounts of shoot dry weight (Fig. 3) . The data for S. vlulgaris is consistent with data obtained with many other species in finding that ULR, which is primarily determined by unit area photosynthetic rate, is poorly correlated with biomass production (21) .
As expected from the relationship RGR = ULR x LAR (14), the relative leafiness or instantaneous LAR of the S. vulgaris biotypes containing susceptible chloroplasts was lower than the LAR of those containing resistant chloroplasts in association with the same nuclear genome, but the differences were generally not significant at the 95% confidence level (Table III) . Similar results were found in the YPB experiment (data not shown). The lower LARs of the S biotype compared to the RXSBC6 biotype and the SXRBC6 biotype compared to the R biotype were due to the larger size and, hence, greater amount of structural material as well as the greater amount of flower dry weight produced by the triazine susceptible biotypes.
Leaf area duration is a measure of the magnitude of leaf area and its persistence in time that, in effect, represents the photosynthetic opportunity of a plant (14) . The cumulative LAD of the four S. vulgaris biotypes represents the amount of leaf area that the plants had over the interval from 28 DAP to the indicated DAP (MPB experiment) or over the interval from 12 DAE to the indicated DAE (YPB experiment) expressed as square meters of leaf area receiving sunlight for 1 d (Fig. 7) . For roplast genome (Table I) . Furthermore, our data indicate that leaf size and cumulative LAD have a greater impact on biomass accumulation than does photosynthetic rate. Other studies have also concluded that the combination of photosynthetic rates and development of leaf area are major determinants of growth and competitive ability (21) . These results suggest that the yield of triazine resistant crops may be improved by increasing leaf area and cumulative LAD to partially compensate for the reduced productivity of triazineresistant chloroplasts. Growth analysis of the four S. vulgaris biotypes showed clearly that both chloroplast and nuclear genomes influenced plant productivity. Furthermore, except in young seedlings, the influence of the nuclear genome was greater than that of the chloroplast genome. For example, the triazine-resistant RXSBC6 biotype had a lower CO2 assimilation rate and a lower ULR than the triazine susceptible SXRBC6 biotype but ultimately accumulated more biomass. Comparison of nearly isonuclear triazine-resistant and susceptible biotypes (S and RXSBC6 or R and SXRBC6) showed that triazine resistance was correlated with reduced CO2 assimilation rates, reduced vegetative and reproductive biomass accumulation, reduced leaf area, reduced ULRs, and reduced cumulative LAD.
Previous work with the R and S S. vulgaris biotypes found that the R biotype had reduced maximum photosynthetic rates and a lower quantum yield than the S biotype (13, 27) . The R biotype had a highly damped pattern of oxygen evolution in response to light flashes and a faster deactivation of S-states than the S biotype (12) . Highly damped patterns of oxygen evolution in response to light flashes and altered Sstate kinetics were also found in triazine resistant biotypes of C. album and A. retroflexus (25) . These studies demonstrated that triazine-resistant biotypes are less efficient in the use of separated charge, causing the reduction in quantum yield measured in resistant biotypes (12, 17, 25) . Recently, Jursinic and Pearcy (17) 
